Abstract: Usability of fl y ash for fi ltration barriers. The results of permeability and compressibility tests of the fl y ash from Skawina Power Plant were presented in the paper. These tests were carried out in the aspect of its usage in fi ltration barriers in municipal and industrial waste landfi lls. It was stated that the tested fl y ash can not be used for fi ltration barriers, mainly because of granulation and fi ltration criteria. Although, the addition of another soil or a hydraulic binding agent would improve its granulation and would increase impermeability.
INTRODUCTION
Different types of wastes, mainly fly ash, slag, ash-slag mixtures, microspheres and fluidized bed combustion ash, are created as a result of coal combustion in the production of electricity and thermal energy. They are called coal combustion wastes (CCW) and they can be valuable materials with many possible uses and substitutes for natural mineral materials that are used in the construction industry or earthworks. Despite that, reusing of coal waste is insufficient and every year about 34 million tons of waste (CSO 2013) are deposited on Polish landfills, causing degradation of the natural environment. The storage of coal wastes is the most expensive and the least beneficial way of their disposal.
The amount of produced waste is the reason why new ways of their usage are still searched, one of them is a production of new materials which are based on wastes, thanks to that there are many new possibilities of their usage, for example in landfill barriers (Plewa et al. 2009 ), landfill rehabilitation (Koda 2012) or -with sewage sludge -to limit erosion of landfill slopes (Koda and Osiński 2011) . Landfills are engineering structures, significantly harmful to the natural environment and classified as the third geotechnical category (Rozporządzenie Ministra Transportu... 2012) . The purpose of every landfill is to isolate and safely store wastes, which will guarantee limitation of their negative influence on the environment. Therefore every landfill should have a liner, which will ensure its impermeability and protect groundwater from pollution by possible leachate.
Usability evaluation of soils for liners in landfills is based on Environmental Law (2001), Waste Management Act (2013) and Regulation on landfills (2013). The regulation includes criteria for the subsoil which can be a natural geological barrier for disposed waste. These criteria concern the extension of the soil layer, its thickness and the permeability coefficient depending on the type of waste disposed on the landfill. Where these requirements are not fulfilled, an artificial liner is designed, which is at least 0.5 m thick, made from a soil and it fulfils the permeability criterion k ≤ 1·10 -9 m·s -1 . The permeability coefficient value as the basic criterion for soil evaluation is not enough, because in the landfill liner there are other processes, which can dominate over filtration. Therefore it is necessary to determine physical and mechanical properties of the soil before a usability evaluation for mineral liners is carried out (Majer 2007). These rules concern both natural and anthropogenic soils, which can be used for mineral liners (Wysokiński 2007) .
Using the fly ash as a material for mineral liners is justified by its physical, chemical and mechanical properties. The fly ash has the ability to absorb and reduce leachate because of a high water absorption (up to 80%) and low draining (2-16%). These values depend on the thickness and density of the tested layer. Based on tests of Gruchot et al. (2012) , it was stated that chemical substances content in water eluate from fly ash and ash--slag mixture do not exceed the allowable concentrations, whereas there are higher concentrations of trace elements and pH reaction. The shear strength and the load capacity, which was based on the bearing ratio (CBR), are comparable or higher than for mineral soils with similar granulation.
Permeability coefficient of coal wastes from different sources of combustion is low and decreases in time (Sobik--Szołtysek et al. 2013) . The fly ash built into the hydraulic barriers has the permeability of about 10 -6 -10 -9 m·s -1 and its hydraulic conductivity decreases along with the increase in moisture content during compaction (Zabielska-Adamska 2006a).
The chemical stabilizers have a significant influence on compressibility of the fly ash. Addition of 1-2% of binding agent can totally reduce swelling, it also causes an increase in the shear strength parameters and in the bearing ratio of the swelling ashes (Zabielska-Adamska 2006b , 2008 , Gruchot and Pacławska 2012 . When values of the permeability coefficient are too high, the fly ash can be improved by the addition of bentonite or chemical stabilizers. Thanks to them it gains lower hydraulic conductivity without any negative influence on the mechanical properties. Lipiński et al. (2007) showed that a self-hardening cement-bentonite mixture can significantly mitigate hazard of landfill sites.
MATERIAL AND METHODS
The purpose of this paper was to examine the possibility of using the fly ash from Skawina Power Plant for the mineral filtration barriers in a municipal and industrial landfills or as an additional filling in a natural impermeable layer that has insufficient thickness.
The scope of this paper included determination of the basic geotechnical parameters of the fly ash, i.e. granulation, specific density, compaction parameters, permeability coefficient and compression modulus. The physical parameters of the fly ash were determined using standard methods for the mineral soils.
The falling-head permeability tests with consolidometer were carried out under the load of 12.5 kPa. The specimens were 6.5 cm in diameter and 2 cm high, they were compacted at the optimal moisture content and the compaction indexes (I s ) equal to 0.90, 0.95 and 1.00.
The compressibility of fly ash was determined using oedometer tests, on samples that were 7.5 cm in diameter and 1.9 cm high, at compaction indexes (I S ) equal to 0.90 and 1.00. Increments of vertical static load of 12.5, 25, 50, 100, 200 and 400 kPa were applied to the sample or unload at 24-hour-intervals. The last load level was applied until the full consolidation was reached. The samples were formed directly in the ring of the apparatus, at moisture content close to optimal.
RESULTS AND DISCUSSION
The silt fraction dominated in the grain--size distribution of the fly ash; there were over 81% of silt, over 10% of sand and 8% of clay (Table 1 ). According to the geotechnical terminology, fly ash was classified as a silt (Si).
The specific density was 2.2 g·cm -3
and maximum dry density at the optimal moisture content of 34% was 1.13 g·cm -3 . The shear strength parameters were high and they depended on the compaction (Gruchot and Sieczka 2013). The increase of compaction index from 0.90 to 1.00 caused the increase of the angle of internal friction by over 5° and decrease of cohesion by over 4 kPa (Table 1) .
Permeability coefficient
The permeability tests results (Fig. 1) showed that the highest permeability was at the beginning of the tests and it decreased along with time (Fig. 2) . In case of samples at the lowest compaction, stabilization of the flow and permeability coefficient was noticed on the first day of the test, whereas for the highest compaction it was at the end of the tests, on the fifth day.
The average values of the permeability coefficient run from 1.09·10 -7 to 2.80·10 -8 m·s -1 (Table 2 ). The increase of compaction index from 0.90 to 0.95 caused a decrease of permeability coefficient by one order of magnitude. Further increase of compaction index up to 1.00 did not cause any changes in the permeability coefficient value.
While comparing the obtained values of permeability coefficient to the values for mineral soils it can be stated that fly . The permeability coefficient of the fly ash classified as silt was lower than the corresponding value for mineral soil with similar granulation.
Compressibility
The total settlement of the fly ash under the load from 0 to 400 kPa was the highest at the primary compression and compaction index (I S = 0.90) and it was on average 0.78 mm, whereas at the compaction index of 1.00 was 0.48 mm (Fig. 3, Table 3 ). These values were a few times higher than the ones at the secondary compression where they were 0.21
at the I S = 0.90 and 0.17 at the I S = 1.00. Secondary settlement was equal to the total decompression of the fly ash, which was 0.21 and 0.18 adequately at the I S = 0.90 and the I S = 1.00. Obtained values of the settlement of fly ash reflected in the values of compression modulus. In general for full range of load these values depended on the initial compaction, showing upward trend along with its increase (Table 3) . Oedometric modulus of primary compression were relatively low -from nearly 10 MPa at the I S = 0.90 to a little over 16 MPa at the I S = 1.00 and they were similar to the values given by the Polish Standard PN-B-03020:1981 for cohesive soils in Values of oedometric modulus of secondary compression were 4-times higher than of primary compression and ranged from 36 MPa at the I S = 0.90 to over 45 MPa at the I S = 1.00. Whereas moduli of decompression were many times lower in relation to modulus of primary as well as secondary compression and they did not exceed 1 MPa. The increase in primary load from 0 to 400 kPa caused an increase in settlement of the fly ash and thus a quite significant increase of modulus of primary compression: 4-times at the I S = 0.90 and 8-times at the I S = 1.00 (Fig. 4) . Whereas FIGURE 4. Relationship between the load and the average modulus of compression at the secondary load in the range of load from 12.5 to 100 kPa decrease in modulus of secondary compression was noticed, but along with further increase in load up to 400 kPa modulus increased. It should be emphasized that modulus of secondary compression were lower at the load of 400 kPa than at the load of 12.5 kPa.
Obtained values of compression modulus showed that the tested fly ash has a high compressibility at the primary load, especially at the lower compaction index. At the secondary load compressibility of fly ash was lower and less dependent on the initial compaction, which was caused by a high consolidation during the primary load.
USABILITY EVALUATION OF FLY ASH FOR FILTRATION BARRIERS
The soils used for liners in a landfill should have a suitable granulation which will allow to obtain proper compaction and required permeability coefficient. A liner should be able to retain its integrity on the onset of non-uniform settlements and it should have a proper strength which will allow to carry normal stress created by the weight of waste. Therefore, the basic usability criterion is the granulation. Wysokiński (1995) states that the clay fraction content should be at least 20% and the total content of fine fractions, that is silt and clay, should be over 60%. In case of the tested fly ash fine fractions content was close to 90%, so it was higher than the recommended required value (Table 1) . However, the clay fraction content was much lower than the required value (only 8%), so according to the guidelines of Building Research Institute in Poland (Wysokiński 1995) the granulation criterion was not fulfilled.
The results of compaction tests show that the fly ash has proper values of compaction parameters. The maximum dry density was 1.13 g·cm -3 and it was higher than the value required by the Polish Standard PN-S-02205:1998 for such types of soils used in earthworks.
The angle of internal friction should be at least 3° and cohesion 35 kPa for soils used in landfill liners (Wysokiński 2007) . Based on research of Gruchot and Sieczka (2013) , it can be stated that the shear strength parameters of the fly ash were higher than the required ones (Table 1) , therefore the strength criterion is fulfilled.
The minimal value of compression modulus for materials useful in landfill liners is 5 MPa (Wysokiński 2007) . Obtained values of modulus of primary compression were over 10 MPa and of secondary compression were 30 MPa. Thus, regarding compressibility, tested fly ash fulfills the requirements for mineral filtration barriers.
The basic condition that the material liner must fulfill is the permeability criterion, which is characterized by the value of permeability coefficient. The natural and anthropogenic protective barriers should have this value lower than 1·10 -9 m·s -1 (Wysokiński 1995 , Rozporządzenie Ministra Środowiska... 2013 . Carried out tests showed that the fly ash has the permeability coefficient of 10 -7 -10 -8 m·s -1 , so it does not fulfil the permeability criterion.
CONCLUSIONS
Based on the carried out test, it can be stated that the fly ash from Skawina Power Plant cannot be used as a material for filtration barriers. Although, it should be emphasized that using waste as a substitute for mineral soils is an important element in the protection of the natural environment because the amount of stored waste decreases. Therefore, using different methods of improving the granulation of fly ash should be considered, for example their granulation and impermeability can be improved by the addition of bentonite or binding agents. However, this issue requires further properly planned research.
